The objective of this study was to determine whether nitric oxide (NO) could function as a negative feedback modulator of endothelial cell function by inhibiting NO synthase in vascular endothelial cells. The rationale for this approach was a previous study from this laboratory, which revealed that NO inhibits neuronal NO synthase from rat cerebellum. In the present study, NO and NO-donor agents noncompetitively inhibited NO synthase derived from bovine aortic endothelial cells. Oxyhemoglobin blocked the inhibitory action of NO and by itself increased NO synthase activity. This finding suggests that NO acts as a negative feedback modulator of NO synthase. In intact aortic endothelial cells grown on microcarrier beads and perfused in a bioassay cascade system, pretreatment of cells with NO-donor agents caused a marked inhibition of endothelial NO biosynthesis in response to bradykinin and increased fluid shear or flow. When isolated bovine pulmonary arterial rings precontracted by phenylephrine were used, pretreatment of arterial rings with NO-donor agents diminished endothelium-dependent arterial relaxation involving the L-arginine-NO pathway without altering endothelium-independent relaxation to NO itself. On the basis of these studies, NO is suggested to play an important negative feedback regulatory role on endothelial NO synthase and, therefore, vascular endothelial cell function. (Circ Res. 1993;73:808-812.) KEY WoRDs * nitric oxide * nitric oxide synthase * endothelium-dependent vasorelaxation negative feedback regulation N itric oxide (NO) synthase is a heme-containing monooxygenase that catalyzes the conversion of L-arginine to NO plus L-citrulline.1-4 This conversion appears to involve a five-electron oxidation of one of the basic guanidino nitrogen atoms of L-arginine to NO. The membrane-bound constitutive isoform of NO synthase from vascular endothelial cells is one of three principal isoforms of mammalian NO synthase.5 The other two enzyme isoforms are the cytosolic constitutive NO synthase present in neuronal tissue6 and the cytosolic inducible NO synthase present in activated rodent macrophages.7 Substantial information is now available on cofactor requirements and the inhibitory effects of N0-substituted L-arginine analogues.8 What is lacking is information on the regulation of NO synthase activity by endogenous substances. We reported recently that NO, both exogenously added and enzymatically generated by NO synthase, causes reversible inhibition of the cytosolic constitutive isoform of NO synthase from rat cerebellum.9 The physiological significance of this observation, however, remains unknown.
N itric oxide (NO) synthase is a heme-containing monooxygenase that catalyzes the conversion of L-arginine to NO plus L-citrulline.1-4 This conversion appears to involve a five-electron oxidation of one of the basic guanidino nitrogen atoms of L-arginine to NO. The membrane-bound constitutive isoform of NO synthase from vascular endothelial cells is one of three principal isoforms of mammalian NO synthase.5 The other two enzyme isoforms are the cytosolic constitutive NO synthase present in neuronal tissue6 and the cytosolic inducible NO synthase present in activated rodent macrophages.7 Substantial information is now available on cofactor requirements and the inhibitory effects of N0-substituted L-arginine analogues.8 What is lacking is information on the regulation of NO synthase activity by endogenous substances. We reported recently that NO, both exogenously added and enzymatically generated by NO synthase, causes reversible inhibition of the cytosolic constitutive isoform of NO synthase from rat cerebellum. 9 The physiological significance of this observation, however, remains unknown.
The objective of the present study was to determine whether NO could inhibit endothelium-derived NO synthase activity and, thereby, interfere with endothelial cell function. In addition to examining the influence of NO and NO-donor agents on endothelium-derived NO synthase activity, advantage was taken of the ability to study endothelial cell function. Thus, the influence of pretreatment of isolated vascular endothelial cells and isolated arterial rings with NO-donor agents on endothelium-dependent relaxation responses to chemical agents, electrical stimulation, and shear or mechanical forces was studied.
Materials and Methods

Harvesting and Growth of Endothelial Cells
Bovine aortic endothelial cells were harvested and grown exactly as described previously,10 and cells obtained from passages 4 to 6 were used. Endothelial cells that were used as the source of NO synthase were removed from culture flasks, washed in phosphatebuffered saline, and homogenized as described below. Endothelial cells were also transferred to Cytodex microcarrier beads and perfused in a bioassay cascade system as described previously.10 Briefly, beads containing cells (0.5 to 0.7 mL containing approximately 2x 107 cells) were packed into a small chromatography column and perfused with Krebs' bicarbonate solution gassed with a mixture of 10% 02-5% C02-85% N2 at 37°C. The perfusion rate through the column was regulated from 0.3 to 3 mL/min by a perfusion pump, and the perfusate was allowed to superfuse three precontracted helical strips of endothelium-denuded bovine intrapulmonary artery arranged in a cascade. Relaxant responses of only the first strip in the cascade are illustrated in Fig 2. In each experiment, the lower two strips relaxed in a typical decremental manner characteristic of NO.10 Increments in the perfusion rate caused increments in the generation and release of NO. This flowdependent increase in NO generation has been attrib- arginine by cationic exchange chromatography." NO, S-nitroso-N-acetylpenicillamine (SNAP), and oxyhemoglobin were prepared as described previously.9 The chemicals and reagents used in this study were purchased from Sigma Chemical Co, St Louis, Mo, and Fisher, Pittsburgh, Pa.
Preparation ofArterial Rings and Electrical Stimulation
Rings of bovine intrapulmonary artery were prepared and mounted under optimal tension for recording of changes in isometric force. 12 Briefly, arterial rings were bathed in Krebs' bicarbonate solution gassed with a mixture of 95% 02-5% CO2 at 37°C and precontracted to 70% of maximal tone with 1 to 10 ,tmol/L phenylephrine just before electrical field stimulation (EFS). EFS was conducted with the aid of two parallel platinum electrodes as described previously13 and was applied at 25 V and a frequency of 4 Hz in the form of square wave pulses of 0.2-millisecond duration and delivered as 20-second trains. EFS of segments of pulmonary artery from bovine and other species has been shown to cause endothelium-dependent vascular smooth muscle relaxation1314 attributed to NO. 13 In some experiments, EFS was not performed, but acetylcholine and bradykinin were used as endotheliumdependent relaxants, whereas SNAP was used as an endothelium-independent relaxant.
Results
Initial experiments with endothelial cell homogenates and washed sediment fractions as sources of membranebound NO synthase revealed consistently that the rate of conversion of L-arginine to L-citrulline was nonlinear through 15 minutes of incubation, although excess substrate and cofactors were present. Addition of 30 ,umol/L oxyhemoglobin to reaction mixtures increased product formation by 30% to 40% (12 determinations), whereas superoxide dismutase (100 to 500 U) decreased product formation by 20% to 30% (10 determinations).
This was consistent with the hypothesis that the NO generated during enzyme catalysis feeds back to inhibit NO synthase.9 Fig 1 illustrates (Fig 2) . Endothelial cells retained their viability and remained attached to the beads, as assessed by microscopic examination at the end of each experiment.
The next experiment was designed to determine whether NO interferes with endothelium-dependent relaxation of isolated arterial rings. Precontracted rings of bovine intrapulmonary artery relaxed in response to EFS (Fig 3) and to both endothelium-dependent (acetylcholine and bradykinin) and endothelium-independent (SNAP) relaxing agents (Fig 4) . Arterial (Fig 3) and acetylcholine or bradykinin without a significant change in the relaxation response to SNAP itself (Fig 4) . The inhibitory effects of SNAP against EFS-induced relaxation (Fig 3) and agonist-elicited relaxation (Fig 4) were mimicked by 1 ,umol/L N-methyl-N'-nitro-N-nitrosoguanidine and by 0.1 ,tmol/L glyceryl trinitrate, both of which generate NO in tissues,16 and caused selective inhibition of endothelium-dependent relaxation. Arterial rings recovered their responsiveness to EFS and endothelium-dependent relaxants within 30 to 40 minutes of withdrawing the NO-donor agents (not shown).
Discussion
The data indicate that NO and NO-donor agents markedly inhibit endothelium-dependent relaxation of arterial rings and NO generation from intact endothelial cells without diminishing the sensitivity of the vascular smooth muscle cells to the direct relaxant effect of NO. Appropriate control experiments indicated that the effects of NO and NO-donor drugs cannot be attributed to any time-dependent attenuation of tissue responsiveness or tissue desensitization. The cellular mechanism of this inhibitory action of NO appears to be the inhibition of intracellular NO synthase activity, since NO and the NO-donor agent, SNAP, inhibited endothelium-derived NO synthase activity. The inhibition of NO synthase activity was noncompetitive with respect to L-arginine. Since NO is one of the two principal end products of L-arginine oxygenation catalyzed by NO synthase, NO could act as a negative feedback modulator of its own biosynthesis. The evidence for this hypothesis is that oxyhemoglobin, which chemically inactivates NO, increased NO synthase activity, whereas superoxide dismutase, which prolongs the biologic half-life of NO by destroying superoxide anion,17 decreased NO synthase activity. Moreover, the effect of oxyhemoglobin was overcome by the addition of a large excess of NO in the form of SNAP. In Concentration (-log M) FIG 4. Graphs show inhibition of endothelium-dependent but not endothelium-independent relaxation of isolated arterial rings by S-nitroso-N-acetylpenicillamine (SNAP). Control relaxant responses to bradykinin (BKN), acetylcholine (ACh), or SNAP were obtained, and the rings were washed three times. After a 15-minute interval, the rings were washed extensively over a 40-minute period. A second set of control responses to BKN, ACh, or SNAP was obtained, the tissues were washed three times, and then the arterial rings were bathed in 1 ,umol/L SNAP for 15 arginine. Cytochrome P-450 reductase is a closely related monooxygenase that interacts with cytochrome P-450 hemoproteins,18 and a recent report indicated that 50 to 150 ,umol/L NO and NO-donor agents interfere with substrate oxygenation by binding to the heme moiety of cytochrome P-450 and thereby cause inhibition of substrate oxygenation.19
